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PCardiac Imaging
readmill Exercise Produces Larger
erfusion Defects Than Dipyridamole Stress
-13 Ammonia Positron Emission Tomography
enjamin J. W. Chow, MD, FRCPC, FACC,*† Rob S. Beanlands, MD, FRCPC, FACC,*† Andrea Lee,*
ean N. DaSilva, PHD,* Robert A. deKemp, PHD,* Abdulkareem Alkahtani, MD,*
errence D. Ruddy, MD, FRCPC, FACC*†
ttawa, Ontario, Canada
OBJECTIVES The aim of this study was to compare treadmill exercise (TEX) and dipyridamole stress on
the uptake and retention of N-13 ammonia.
BACKGROUND Size and severity of stress-induced myocardial perfusion defects are clinically important.
Because ammonia uptake and retention seems to be related to perfusion, viability, and
metabolism, exercise stress might induce larger perfusion defects than dipyridamole stress.
METHODS Twenty-six patients underwent TEX and dipyridamole stress N-13 ammonia positron
emission tomography (PET). Images were assessed with a 17-segment model and a five-point
score. Summed stress score (SSS), summed rest score (SRS), and summed difference score
(SDS) were calculated. Left ventricular (LV) defect sizes were measured quantitatively with
a 70% threshold for abnormal perfusion.
RESULTS Compared with dipyridamole stress, TEX yielded larger SSS (9.1  5.7 vs. 6.9  5.9; p 
0.01), SDS (5.8  4.7 vs. 3.7  4.6; p  0.02), and percentage of LV stress defect (19.3 
11.5% vs. 13.8  13.6%; p  0.02).
CONCLUSIONS In patients achieving adequate exercise, TEX N-13 ammonia PET myocardial perfusion
imaging (MPI) yields larger stress perfusion defects than dipyridamole stress and might
reflect the true myocardial ischemic burden. Treadmill exercise might be the preferred
method of stress for routine N-13 ammonia PET MPI. (J Am Coll Cardiol 2006;47:
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.09.027411–6) © 2006 by the American College of Cardiology Foundation
M
P
p
p
s
a
p
a
t
a
H
T
P
p
f
b

P
E
s
a
a
Nize and severity of stress-induced myocardial perfusion
efects are clinically important. Differences in perfusion
efects with various stressors might have prognostic impli-
ations (1,2).
Positron emission tomography (PET) is traditionally
erformed with vasodilator stress, and the evaluation of
readmill exercise (TEX) PET myocardial perfusion imag-
ng (MPI) is limited. A previous study comparing TEX
ersus dipyridamole stress rubidium-82 PET showed that
efect size and severity were similar (3). Because ammonia
ptake and retention seems to be related to perfusion,
iability, and metabolism (glutamine pathway), exercise
tress might induce larger perfusion defects than with
ipyridamole stress (4–7). The objective of this study was to
ompare TEX and dipyridamole stress on the uptake and
etention of N-13 ammonia in patients able to perform
dequate exercise stress.
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atients. Between August 2003 and September 2004, 31
atients, able to perform adequate exercise stress, were
rospectively referred to this single-center, randomized,
ingle-blinded study. All patients had documented coronary
rtery disease (CAD) or an intermediate-to-high pre-test
robability for CAD (3). Patients lacking informed consent,
ge18 years, unable to exercise, or with a contraindication
o dipyridamole or radiation were excluded. This study was
pproved by the University of Ottawa Heart Institute
uman Research Ethics Board.
The order of stress was randomized (dipyridamole vs.
EX). Dipyridamole and TEX stress N-13 ammonia
ET were performed on different days, and each was
receded by rest imaging. Patients abstained from caf-
eine, xanthine derivatives, and atrioventricular nodal
locking drugs 12 h and fasted (except for medications)
6 h before each study.
ET imaging. The PET images were acquired with an
CAT ART scanner (Siemens/CTI, Knoxville, Tennes-
ee). A 4-min Cesium-137 singles transmission scan was
cquired to confirm proper patient positioning and for
ttenuation correction (8). Ten millicuries (370 MBq) of
-13 ammonia was injected at rest and with stress. Staticmages were created by summing 17 min of emission data.
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ttenuation correction (Fig. 1).
ipyridamole stress. The dipyridamole stress protocol has
een previously described (3); N-13 ammonia was admin-
stered over 30 s, and static uptake images were created by
umming 17 min of emission data.
EX stress. Symptom-limited Bruce protocol was per-
ormed. During the last 1.5 min of peak exercise, N-13
mmonia was administered. Patients were immediately
epositioned in the PET camera, and a 17-min emission
can was acquired and used to create static images.
lectrocardiography and image analysis. Electrocardio-
raphy analysis has been previously described (3). The PET
mages were assessed with a 17-segment model and a
ve-point grading system by two expert observers blinded to
tress (2). Summed stress score (SSS), summed rest score
SRS), and summed difference score (SDS) were calculated.
mages were also analyzed by a sectored analysis approach
ith a 70% threshold cutoff for abnormal perfusion (3).
mage quality was assessed visually and quantitatively on the
asis of myocardial count density (Bq/cc) and target/
ackground ratios (3).
tatistical analysis. With SPSS version 11.5 (Chicago,
llinois), paired and independent samples of continuous
ariables were evaluated with the paired or unpaired t test
nd non-continuous variables with the McNemar test.
he concordance of the observer grading of the exercise
Abbreviations and Acronyms
CAD  coronary artery disease
LV  left ventricle/ventricular
MPI  myocardial perfusion imaging
PET  positron emission tomography
SDS  summed difference score
SPECT  single-photon emission tomography
SRS  summed rest score
SSS  summed stress score
TEX  treadmill exerciseFigure 1. Rest and stress N-13 ammonia pond dipyridamole stress scans was evaluated with Kappa
cores. Perfusion defects (summed scores and percentage
f left ventricular [LV] defect) were correlated with a
earson correlation coefficient and Bland-Altman plot
nalyses.
ESULTS
atient population. Thirty-one patients were referred to
ur study. Four patients were excluded because of left
undle branch block (n  1), uncontrolled atrial tachyar-
hythmia (n  2), and insufficient dose of N-13 ammonia
n 1). One patient was withdrawn from the study because
f extensive severe ischemia with TEX N-13 ammonia
ET. The remaining 26 patients underwent both TEX and
ipyridamole stress N-13 ammonia PET MPI (Table 1).
readmill test. The mean time interval between TEX and
ipyridamole stress PET was 6.0 5.7 days (Table 2). Peak
tress heart rate and blood pressure were significantly higher
able 1. Patient Demographics
emographics, n  26
Age (yrs) 60.9  9.7
Gender (men) 23 (89)
BMI (kg/m2) 28.1  4.5
Hypertension 20 (78)
Diabetes 3 (12)
Dyslipidemia 24 (92)
Smoker 14 (54)
Family history of CAD 8 (31)
ardiac history
Myocardial infarction 11 (42)
Percutaneous coronary intervention 9 (35)
Coronary artery bypass surgery 4 (15)
edications
Anti-platelet 23 (88)
Beta-blocker 20 (78)
Statin 21 (81)
ACE-I or ARB 17 (65)
alues are n (%) or mean  SD.
ACE-I  angiotensin-converting enzyme inhibitor; ARB  angiotensin receptor
locker; BMI  body mass index; CAD  coronary artery disease.sitron emission tomography protocol.
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January 17, 2006:411–6 Exercise Versus Dipyridamole Stress N-13 Ammonia PETith exercise than dipyridamole stress. Chest pain was more
ommon with dipyridamole, and ST-segment depression
as more common with TEX. All five patients with
ipyridamole-induced ST-segment depression had abnor-
al N-13 PET MPI. Mean time interval from onset of
-13 ammonia infusion to initiation of emission data
cquisition was 3.5  0.5 min.
PI. There was good correlation between dipyridamole
nd TEX stress N-13 PET (Fig. 2). Stress defect sizes
percentage of LV) with a 70% threshold for abnormal had
air correlation between stressors (Table 3). Rest defect sizes
percentage of LV) before exercise and dipyridamole stress
lso had fair correlation. Treadmill exercise stress produced
arger and more severe induced stress (SSS) and ischemic
erfusion defects (SDS) compared with dipyridamole stress.
land Altman analysis demonstrated a bias toward larger
nd more severe SSS and SDS with TEX than with
ipyridamole stress (Fig. 3).
The 17 patients with exercise-induced ischemic ST-
egment depression had larger perfusion defects (SSS) with
xercise than with dipyridamole (10.5  6.3 and 8.2  7.0,
espectively; p  0.03) with good correlation (r  0.81). In
he remaining nine patients without exercise-induced ST-
egment depression, there was a trend toward greater
xercise SSS than dipyridamole SSS (6.4  3.6 and 4.3 
Table 2. Response to Treadmill Exercise and D
Ex
St
Duration of exercise (min) 7.9
Age-predicted maximum HR (%) 95.5
Patients achieving 85% APMHR 24
Resting heart rate 65.5
Peak stress HR 152.3
Resting systolic blood pressure 152.7
Resting diastolic blood pressure 85.2
Stress systolic blood pressure 193.5
Stress diastolic blood pressure 92.1
Rate-pressure product 29,799
ST-segment depression 17
Chest pain 4
Values are n (%) or mean  SD.
APMHR  age-predicted maximal heart rate; HR  heigure 2. (A) Correlation of exercise and dipyridamole summed stress score (SSS
C) Correlation of exercise and dipyridamole summed difference score (SDS)..7, respectively; p  0.08). Furthermore, a similar trend
as noted when patients with and without exercise-induced
T-segment depression were compared (10.5  6.3 and 6.4
3.6, respectively; p  0.09).
The interobserver variability of SSS showed good agree-
ent with Kappa scores of 0.71 for exercise SSS (normal
SSS4] or abnormal [SSS4]) and 0.74 for dipyridamole
SS.
Patients were categorized as having disease in the left
nterior descending artery, left circumflex, and/or right
oronary artery territories. Kappa analysis demonstrated fair
orrelation between exercise and dipyridamole stress in each
erritory (left anterior descending artery 0.57, left circum-
ex artery  0.69, and right coronary artery  0.54; p 
.01). Patients were also categorized as normal or single-
essel versus multivessel disease. Four of the 12 (33%)
atients initially categorized as having normal or single-
essel disease with dipyridamole stress had multivessel
isease with TEX N-13 ammonia PET. Furthermore,
atients were categorized into normal to mildly abnormal
SS (8) and moderate to severely abnormal SSS (8).
ive of the 18 (28%) patients with dipyridamole-induced
ormal or mildly abnormal SSS had moderate to severely
bnormal SSS with TEX.
idamole Stress (n  26)
Dipyridamole
Stress p Value
5
.7 53.9  8.9 0.0001
) 0 0.0001
.2 65.3  9.8 NS
.3 88.0  14.9 0.0001
.2 154.9  16.9 NS
8 83.6  7.7 NS
.5 154.2  21.0 0.0001
.9 80.5  11.1 0.001
108 13,256  2,815 0.0001
5 (19) 0.001
14 (54) 0.01
e.ipyr
ercise
ress
 1.
 10
(92.3
 13
 19
 15
 9.
 34
 12
 7,
(65)
(15)). (B) Correlation of exercise and dipyridamole summed rest score (SRS).
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Exercise Versus Dipyridamole Stress N-13 Ammonia PET January 17, 2006:411–6mage quality. The TEX images demonstrated less infra-
iaphragmatic activity in 24 of the 26 patients (Fig. 4).
yocardial uptake count density was significantly lower
ith exercise than with dipyridamole (Table 4).
igure 3. (A) Bland Altman SSS (treadmill exercise [TEX] vs. dipyrid-
mole). (B) Bland Altman SRS (TEX vs. dipyridamole). (C) Bland
Table 3. Semi-Quantitative and Quantitative An
Images
Exercise
Stress
Dipyrid
Stre
Summed stress score 9.1  5.7 6.9 
Summed rest score 3.4  3.3 3.2 
Summed difference score 5.8  4.7 3.7 
LV defect size (stress) (%) 19.3  11.5 13.8 
LV defect size (rest) (%) 8.1  9.4 6.4 
Values are mean  SD.
LV  left ventricle; PET  positron emission tomography.ltman SDS (TEX vs. dipyridamole). SD  standard deviation; other
bbreviations as in Figure 2.
i
(ISCUSSION
ost exercise stress PET MPI studies have focused on
upine bicycle (9–11). Though TEX has been successfully
igure 4. Larger stress defect with treadmill exercise than with dipyrid-
mole stress. A mild (magenta) perfusion defect is present in the
of N-13 PET Myocardial Perfusion
p Value Correlation
Significance of
Correlation
0.01 0.80 0.001
NS 0.79 0.001
0.02 0.61 0.001
0.02 0.62 0.001
NS 0.57 0.003alysis
amole
ss
5.9
2.8
4.6
13.6
6.5nferolateral wall and apex with dipyridamole stress. The size and severity
blue) of the defect is greater after exercise stress.
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January 17, 2006:411–6 Exercise Versus Dipyridamole Stress N-13 Ammonia PETerformed with rubidium-82 and FDG PET MPI (3,12),
his is the first study to combine TEX with N-13 ammonia
ET.
In patients who achieve adequate exercise, TEX N-13
mmonia PET seems to induce larger and more severe stress
nd ischemic perfusion defects than dipyridamole stress.
etention of N-13 ammonia is adenosine triphosphate-
ependant and requires the metabolism of ammonia to
lutamine (13). Thus, uptake and retention might be altered
y changes in metabolic state (14,15). Exercise-induced
schemia might cause metabolic stunning, reduce the me-
abolism of ammonia to glutamine, and attenuate N-13
mmonia retention in areas of ischemia.
Exercise MPI has been compared with various vasodi-
ator stressors (4,16 –18) Comparing exercise, dipyridam-
le, and adenosine stress Tc-99m single-photon emission
omography (SPECT), exercise resulted in greater defect
xtent, severity, and reversibility than dipyridamole but
o differences in defect size between exercise and aden-
sine (17). Treadmill exercise SPECT stress defects were
arger than with dipyridamole in 45% of patients (16).
arger exercise stress defects were typically observed in
atients with higher heart rates (16). Nishimura et al.
19) showed that adenosine stress induced larger defect
izes than exercise Tl-201 SPECT. Abe et al. (4)
ompared adenosine and TEX Tl-201 MPI and found no
ifference in patients who were able to perform adequate
xercise.
Though our study demonstrated that TEX provoked
arger and more severe perfusion defects than dipyridamole
tress, this was more apparent in patients with mild to
oderate SSS and SDS with dipyridamole stress. This
nding might be explained by: the high level of exercise
chieved in our patients, which might have resulted in more
schemia; the superior accuracy of N-13 ammonia PET that
ight have enabled the detection of differences between
xercise and dipyridamole; and the rapid return of flow to
ormal after exercise compared with a dipyridamole-
Table 4. Image Quality of N-13 Ammonia PE
Dipyridamole)
Ex
S
N-13 ammonia dose, rest (MBq) 331.2
N-13 ammonia dose, stress (MBq) 396.3
Rest myocardial uptake (Bq/cc) 20,272
Stress myocardial uptake (Bq/cc) 19,271
Myocardium/lung rest 8.3
Myocardium/lung stress 8.3
Myocardium/gut rest 2.2
Myocardium/gut stress 4.3
Myocardium/liver rest 1.0
Myocardium/liver stress 1.9
Myocardium/blood pool rest 2.0
Myocardium/blood pool stress 3.1
Values are mean  SD.
PET  positron emission tomography.minophylline protocol, which might delay N-13 ammonia mashout from normal tissue compared with ischemic tissue,
hus amplifying the defect size.
Five patients having normal to mildly abnormal SSS with
ipyridamole were reclassified as having moderate to se-
erely abnormal SSS with TEX. Similarly, four patients
lassified as normal or single-vessel disease with dipyridam-
le stress had evidence of multivessel disease with TEX
-13 ammonia PET. These differences in exercise and
ipyridamole stress SSS, SDS, and defect size might be
linically relevant and might influence patient management.
Although TEX does not permit the benefits of dynamic
cquisition for the quantification of blood flow, it does
rovide information about exercise tolerance and is pre-
erred by most patients (3).
Resting myocardial/lung ratio was significantly different
efore exercise and dipyridamole stress. Because resting
arget/background ratios should not differ in the same
atient, we believe that this finding likely occurred by
hance.
The successful performance of the TEX stress N-13
mmonia PET required the coordination of the cyclotron
aboratory and the imaging team. The completion of N-13
mmonia synthesis and its delivery occurred simultaneously
ith the initiation of TEX. A surplus of N-13 ammonia was
anufactured (2.5 times the injected dose) to ensure that an
dequate quantity of radiotracer was available at peak
xercise.
tudy limitations. Our patient population was predomi-
antly male, and our small sample size is prone to patient-
elated systematic errors and was not powered to detect
ignificant differences in the subgroup analysis. Coronary
ngiography was not routinely performed to validate the
ccuracy of TEX versus dipyridamole N-13 ammonia PET
nd warrants further investigation.
onclusions. In patients achieving adequate exercise, TEX
-13 ammonia PET MPI yields larger and more severe
efects than dipyridamole stress. Images acquired after TEX
yocardial Perfusion Images (Exercise vs.
Dipyridamole
Stress p Value
.5 320.0  53.2 NS
2.6 347.5  60.2 0.06
846 18,578  7,510 NS
,278 26,224  10,934 0.02
9 6.2  2.4 0.01
8 9.7  5.4 NS
3 2.3  1.8 NS
1 3.1  1.7 NS
2 1.0  0.5 NS
8 1.4  1.6 NS
5 2.9  0.6 NS
0 3.4  1.1 NST M
ercise
tress
 61
 12
 7,
 10
 3.
 3.
 1.
 3.
 0.
 0.
 0.
 1.ight reflect the true ischemic burden. Treadmill exercise
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mmonia PET MPI.
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